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I. PURPOSE 

The purpose of th i s  contract was to  generate design data making pos- 
s i b l e  the construction of a re l iab le  primary z inc-s i lver  oxide battery of improved 
activated charge retention characterist ics ,  greater voltage control,  high energy 
density, increased temperature s t a b i l i t y ,  and reduced gassing characterist ics .  
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11. ABSTRACT 
1 

Studies  planned under four phases have been d i r ec t ed  toward improving 
the  primary z inc - s i lve r  oxide ce l l ,  with emphasis on c l o s e  vol tage  r egu la t ion  2nd 
extended retent ion-of-charge.  Phases of study included (1) screening and evalua- 
t i o n  o f  commercial separa tor  mater ia l s ,  (2) preliminary c e l l  design study, (3) 
evaluat ion of cel l  cons t ruc t ion  var iab les  based upon a f r a c t i o n a l  f a c t o r i a l  ex- 
periment and, (4) cons t ruc t ion  and evaluation of pre-prototype c e l l s .  The re- 
s u l t  has been an increased ac t iva t ed  s tand with no e a c r i f i c e  i n  voltage,  o r  v o l t -  
age regula t ion .  
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111. FACTUAL W!l!A AND DISCUSSION 

A. Introduct ion 

I n  accordance with the  object ive s t a t e d  earlier, t h e  following o u t l i n e  
w a s  set fo r th  and served as a broad basis fo r  s tud ie s  relative t o  t h e  primary 
z inc - s i lve r  oxide basis. 
t h e  planned al lotment  of time for  each phase of study and t h e  progress a t t a ined .  

Outl ine of Planned Inves t iga t ions  

A master schedule, contained i n  t h e  Appendix, i nd ica t e s  

1. Evaluation of Separator Materials 

Webril 
Viakon (R-35-D and R-75-D) 
Nylon (woven and non-woven) 
Po l y e  thy l ene  

Polyvinyl Chloride 
Others 

n - 4 -  ----_-- cu ~y y~ vpy k i e  

2) Membranes 
a) Cel lu los ic  

(1) 133 Visking 
(2) fibrous Visking 
(3) 300 Cellophane 
(4) 600 Cellophane 

b) I n e r t  
(1) Permion 
(2) Acropor 

3) Spec ia l  Treatments 
a) WC dip 
b) WA dip  

b. Proper t ies  fo r  Inves t iga t ion  
1) r e s i s t i v i t y ,  ohm-cm2 
2) speed of wetting 
3) 
4) 

5) absorbency 

a b i l i t y  t o  r e t a rd  s i l v e r  migration 
retention-of-charge c h a r a c t e r i s t i c s  as a funct ion 
of temperature 

2.  Active Material Formulation 
a. Pos i t ive  Material 

1) e f f e c t  of apparent densi ty  
2) 

capaci ty  e f f ic iency  
3) 

and capacity e f f i c i ency  

e f f e c t  of formation curren t  dens i ty  on subsequent 

e f f e c t  o f  e l e c t r o l y t e  concentrat ion on formation 

- 69 - 
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4 )  t r e e i n g  and migration of silver as a f f e c t e d  by 
a) temp era  t u r  e 
b) 
c) 

e l e c  tr o l  y t e concentrat ion 
apparent dens i ty  of d iva l en t  s i l v e r  oxide 

5 )  e f f i c i ency  of charge s t u d i e s  
6) h a l f  -cell s tud ies  

b,  Negative Mater ia ls  
1) e f f i c i ency  of  charge s t u d i e s  
2) t r e e i n g  and migration of  z inc  

a )  as a f f ec t ed  by temperature 
b) 
c) 

as a f f ec t ed  by KOH concent ra t ion  
as a f f ec t ed  by apparent  dens i ty  

comparison of "spongy" and "metallic" z inc  3) 
4) h a l f - c e l l  s tud ies  

3. E l e c t r o l y t e  
a. E f fec t  of Concentration 

1) s o l u b i l i t y  of z inc  
2) 
3) e l e c t r o l y t e  r e s i s t i v i t y  

s o l u b i l i t y  of d iva l en t  s i l v e r  oxide 

b. Additives 
1) z inc  oxide 
2) h a l i d e  s a l t s  
3) carboxymethyl c e l l u l o s e  
4) s t a r c h  
5 )  l i th ium hydroxide 
6 )  l i g n i n  
7) others  

4. C e l l  and Bat te ry  Construction 
a. 

b. 

d. 
e. 

C.  

E l e c t r o l y t e  Retent i on  
1) vent  plugs 
2) head room 
3) separa t ion  

Voltage Regulation 
Iiigh P a t e  Capab i l i t i e s  
Energy Density 
Thermal Charac t e r i s t i c s  

5 .  Reaction Mechanisms 
a P-ec.4m- D a t e s  U. "uvva...~ L . U b  

1) e f f e c t  o f  addi t ives  
2) 
3) t r e a t e d  spongy z inc  
4) e l e c t r o l y t e  concentrat ion 
5 )  e l e c t r o l y t e  a d d i t i v e s  
6) e f f e c t  of  gr id  ma te r i a l  

1) reac t ion  mechanisms of gassing 
a) gassing a t  p o s i t i v e s  
b) gassing a t  negat ives  

metallic as compared t o  spongy z i n c  

b. Theore t ica l  Inves t iga t ion  

2) e s t a b l i s h  t h e o r e t i c a l  hypothesis  fo r  preventing gass ing  

- 70 - 
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6. R e l i a b i l i t y  Evaluation 
a. F a i l u r e  Ef fec t s  Analysis 
b. D r i f t  Analysis on P a r t s  
c. S t r e s s  Analysis and R e l i a b i l i t y  Estimation f o r  Each Pa r t .  

R. Goals of Contract NAS 8-5493 

Cer ta in  major goals  were s e t  f o r t h  i n  accordance with Contract No. NAS 
8-5493. These are l i s t e d  below: 

1. 

2. Maximum poss ib le  capac i ty ;  
3 .  Good vo l t age  cont ro l ;  
4 .  High energy dens i ty ;  
5. 
6 .  

Plateau vo l t age  of 1.40 v o l t s  per  c e l l  when discharged a t  
t he  twenty (20) minute rate; 

Minimum of  t h i r t y  days a c t i v a t e d  s tand  a t  room temperature;  
Low gassing r a t e s  as requi red  fo r  space appl ica t ions .  

C. Phase I - Separator  Evaluation 

1. Obiect ives  

The i d e a l  separa tor  would have the  following c h a r a c t e r i s t i c s :  

a. 
b. 

d. 
C. 

e. 

f .  
g -  
h. 
i. 

low e l e c t r i c a l  r e s i s t a n c e  
high absorbency 
s t a b i l i t y  i n  concentrated potassium hydroxide 
r e s i s t a n c e  t o  oxida t ion  (caused by charged p o s i t i v e  

high oxygen permeabi l i ty  (less important i n  t h e  primary 

a b i l i t y  t o  r e t a r d  migrat ion of silver and z i n c  ions 
good physical s t r eng th  
r ap id  wetting a b i l i t y  
s t a b i l i t y  of a l l  p rope r t i e s  Over wide teqeratures. 

p l a t e )  

c e l l s )  

- 2 .  Physical  Tes t inq  

a. Mater ia l s  Tested 

Table N o .  I lists separators, both membranes and "open" types which 
were t e s t e d ,  as w e l l  as t h e i r  ident i fy ing  f ea tu res .  

- 7 1  - 
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I MEMBRANES 

133 Visking 
Fibrous Visking 
300 Cellophane 
600 Cellophane 
PE Film 10/20 

TABLE NO. I 

WET THICKNESS DESCRIPTION 
(inches) 

0.009 Ce l lu los i c  
0.009 Fibrous sausage casing 
0.003 
0.0042 
0.002 I r r a d i a t e d  polyethylene 

Reg enera t e d  c e l l u  10s e 
Regenerated ce l l u  10s e 

SUMMARY OF COMMON SEPARATORS 

Nylon 
(inches) 

0.003 

PVA Film I 0.002 I poly (v iny l  alcohol) 
OPEN TYPES 1 VET THICKNESS1 DESCRIPTION I 

Nylon 
Pe l i o n  
Pel lon 
R-35-D 

0.005 
0.011 
0.005 
0.011 
0.00575 
0.0105 

Woven 100% Nylon 
Woven 100% Nylon 

b. Test ing Procedures 

(1) Electrical  Resis tance 

The apparatus used for  determining areal  r e s i s t a n c e  c o n s i s t s  of a p la s -  
t i c  r e s e r v o i r  f i l l e d  with e l e c t r o l y t e  and having parallel i n e r t  metall ic elec- 
t rodes a t  e i t h e r  of two opposing s ides .  This r e se rvo i r  accepts  a samplc-holder 
which allows cu r ren t  t o  flow through a n  opening of 8.98 square inches. To de- 
termine r e s i s t a n c e ,  t h e  separator  being t e s t e d  is i n s e r t e d  and secured into t he  
smple-holder ,  and d i r e c t  cu r ren t  i s  passed through the  apparatus a t  a measured 
rate. This measurement i s  
repzated as a blank, i .e . ,  with no separator  ac ross  the  sample-holder opening. 
I n  t h i s  manner, e f f e c t s  of minor temperature v a r i a t i o n s  may be eliminated. 
t h e  d i f f e rence  i n  the  above vol tage drops (AE), t h e  areal r e s i s t a n c e  (R) can be 
ca l cu la t ed  according t o  t h e  formula 

The vol tage  drop ac ross  t h e  apparatus i s  measured. 

From 

R = (AE)(8.98 in2) , where t h e  current  through t h e  apparatus is 

2 The resistance is, of course, in u n i t s  of ohm-inch . 25 amperes 
twer!ty-five (25) amperes, 

Data have been accumulated re la t ive t o  e l e c t r i c a l  r e s i s t a n c e  of s i n g l e  
and mul t ip le  l a y e r s  of both "open" and membranous separators .  
revealed by Table No. 11. 

These da t a  a re  
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TABLE NO. I1 

RESISTANCE OF MEMBRANES 
(Multiple layers  a t  +80° F) 

SEPARATOR 

PE 40/20 
300 Cellcphane 
.0015" m7A 
690 Cellophane 
133 Viskin.g 
Fibrous Visking 
Po lypor 
.004 " W A  

R-35-D Viskon 
Pe l l o n  
.OO4 I' Polypropylene 
.009" Polypropylene 
R-75-D Viskon 
9526 Nylon 
Webri 1 
Dyne 1 

RES I! 
TWO 

Urn& 
.02255 
.01796 
.0287 
.O1796 
.0898 

Absorbents 
.0055 
.0617 

4.22 
.0226 
.0898 
.0561 

ANCE (ohm- 
THREE 
LAYERS 

.0628 

.02 57 

,323 
.531 

ichL 
ONE 

LAYER 

,0056 
.OO% 
.0072 
.0117 
,0226 . 0 154 
.OB2 6 
.0180 

.0084 

.0116 

.0107 

.0226 

.0112 

.00557 

.0055 

.1123 

Two s i g n i f i c a n t  f a c t s  have become apparent during r e s i s t a n c e  s tud ie s :  
(a) 
c rease  l i n e a r l y  with increas ing  numbers of layers .  For ins tance ,  one layer of 
?OO Cellophane exh ib i t s  a res i s tance  of 0.0053 ohm-inch2 
I.aycrs d5splay r e s i s t ances  of 0.0180 and 0.0257 ohm-inch$, respec t ive ly ;  (b) C e r -  
t a i n  llo?er." s e p r a t o r s  exh ib i t  a higher r e s i s t a n c e  than mlght be expected. R-35-D, 
(1 non-woven absorbent,  exh ib i t s  a r e s i s t ance  g rea t e r  than t h a t  of a s i n g l e  layer  
of eftlies PE f i lm,  300 Cellophane, o r  WA fi lm, although it  has  a much g rea t e r  
gas pemcabi l i ty .  
t o  t h s  ''open'' separator  samples, reducing the  a v a i l a b l e  cur ren t  path and causing 
r e l a t i v e l y  higher r e s i s t ances .  
are not  o r d i n a r i l y  e lectrolyte-f looded,  thus the e f f e c t s  of gas entrapment do 
not i n v a l i d a t e  t h e  test  data .  

To ta l  e l e c t r i c a l  r e s i s t ance  of mul t ip le  layers  of mambranes does not i n -  

while two and th ree  

It is l i k e l y  tha t  gases produced a t  the  i n e r t  e lec t rodes  adhere 

It should be noted, however, t h a t  prfmary c e l l s  

12) Cycle T e s t i n u f  Sebaratio? 

Cer ta in  combinations of separator  materials have a l s o  been evaluated by 
l i f e  cycl ing pos i t ive- l imi ted  three-p la te  test  cells. 
minutes charge a t  0.76 ampere constant cur ren t ,  and 8.5 minutes discharge a t  a 5- 
ampere rate.  
t he  t h e o r e t i c a l  d iva len t  s i l v e r  capacity of t he  ce l l ,  with a 10% overcharge on 
each cycle .  The use of cadmium ra ther  than z inc  negative material e l imina tes  the  
l ike l ihood of cycle  f a i l u r e  because of l o s s  of a c t i v e  mater ia l .  This insures  

Cycles consis ted of 61.5 

This corresponds t o  a discharge depth of s l i g h t l y  less than 20% of 
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t h a t  t he  number of  cycles  t o  f a i l u r e  of an ind iv idua l  ce l l  i nd ica t e s  t he  rela- 
t i v e  a b i l i t y  of the  p a r t i c u l a r  separator combination t o  withstand the  d e l e t e r i -  
ous environmental condi t ions encountered i n  the  a l k a l i n e  b a t t e r y  system. 

While the  number of cycles  to f a i l u r e  i s  of no s p e c i f i c  va lue  i n  it- 
s e l f ,  comparison of cyc le  l i f e  of various test cells reveals t h e  r e l a t i v e  qua l -  
i t y  of ind iv idua l  separa tor  combinations and a i d s  i n  s e l e c t i n g  the  optimum fo r  
use i n  t h e  primary cell.  This test serves t o  accelerate evaluat ion of separa tor  
materials under a c t u a l  conditions of se rv ice  whereby the  most promising types 
may be se l ec t ed  for  s t u d i e s  i n  conventional ce l l  assemblies. 

Table No. I11 lists the  combinations of separa tors  which were t e s t ed ,  
Per iodic  end-of-charge and end-of-discharge 

A t  f ixed intervals, t h e  test  cells were allowed t o  re- 
as w e l l  as displaying t h e  r e s u l t s .  
vo l tages  were recorded, 
main i n  t h e  charged state for  48 hours for  t h e  purpose of monitoring open cir-  
c u i t  vol tages .  
c i r c u i t  vo l tage  lower than t h a t  associated with the  cadmium-monovalent silver 
oxide couple following the  s tand period. 

The c r i t e r i o n  for  f a i l u r e  w a s  reversal upon discharge o r  an open- 

(3) Speed of Wettinq 

I n  the  procedure used f o r  determination of  separa tor  r e s i s t ance ,  read-  
ings are taken a t  t i m e  i n t e r v a l s  u n t i l  no fu r the r  change i n  r e s i s t ance  is noted. 
This allows observation of the  speed of wetting of t h e  var ious  materials. As 
t he re  i s  no widely used c r i t e r i o n  for desc r ip t ion  of t h i s  property,  data  have 
been in t e rpo la t ed  t o  reveal t h e  soak t i m e  (TR2) a f t e r  which a separator  d i sp lays  
a r e s i s t a n c e  equal t o  twice i ts  f i n a l  s t a b l e  value.  
of course,  only r e a l i z e d  under i d e a l  condi t ions of e l e c t r o l y t e  a c c e s s i b i l i t y .  
Wetting speed i n  a ce l l  can vary g rea t ly  with ce l l  design. 
data relative t o  speed of wet t ing as w e l l  as t h e  e f f e c t  of temperature on t h i s  
qua li t y  . 

These wet t ing speeds are, 

Table No. IV reveals 

(4) E lec t ro ly t e  Absorption and Resis tance 

Another important q u a l i t y  of separa tors  i s  e l e c t r o l y t e  re ten t ion .  To 
evalua te  t h i s  c h a r a c t e r i s t i c ,  samples of  var ious  separa tors  were dr ied ,  weighed 
accura t e ly ,  soaked fo r  72 hours i n  1.300 s p e c i f i c  g rav i ty  potassium hydroxide 
so lu t ion ,  removed, and reweighed. 
he ld  v e r t i c a l l y  a few secon3c u n t i l  the  excess KOH formed d rop le t s  a t  t he  edge 
of t h e  sample. Only these  drople t s  were b lo t t ed  t o  avoid removing e l e c t r o l y t e  
he ld  i n  t h e  pores of the  sample. A summary of absorpt ion da ta  i s  presented i n  
Table No. V.  

Before t h e  f i n a l  weighing, t he  sample was 

Another importance of e l e c t r o l y t e  absorpt ion lies i n  the  determination 
of t h e  optimum quan t i ty  of e l ec t ro ly t e  t o  be included i n  a c e l l .  
pated t h a t  t h e  optimum quant i ty  of e l e c t r o l y t e  for  t h i s  system i s  t h a t  which sat- 
u r a t e s  both t h e  p l a t e s  and separator .  
absorp t ion  proper t ies  of separa tor  mater ia ls .  

It is a n t i c i -  

However, c e l l  t i gh tness  w i l l  a f f e c t  the  
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c. Conclusions Relative t o  Separator  Evaluations 

1. A number of separator  materials are capable of performing sat is-  
f a c t o r i l y  f o r  a per iod of months a t  r o o m  temperatures. 
course,  o f  a sepa ra to r  system i s  a funct ion of t h e  number of  l aye r s  between 
p l a t e s .  

The exact  l i f e ,  of 

2. Low electrical r e s i s t ance  of  the  c e l l u l o s i c  membranes o f f e r s  a 
d i s t i n c t  advantage Over PE fi lms o r  Visking on a layer-for- layer  bas i s .  
bency of cellophane is a l s o  g rea t e r  than t h a t  of  e i t h e r  PE f i lms or  Visking. 

Absor- 

3. PE f i lm is not  a s  e f f e c t i v e  i n  preventing silver migrat ion as c e l -  
lophane, a l though as a modified polyethylene,  i t  is e s s e n t i a l l y  i n e r t  t o  t h e  
caus t i c  environment. 

D. Phase I1 - Preliminary TestinP and Control  C e l l  Evaluation 

i. Zlbiective 

The purpose of t h i s  phase of  s tudy w a s  t o  select the  most promising 
sepa ra to r  combination from four f eas ib l e  ccmbinations. 
then be he ld  constant  i n  the  evaluat ion of c e l l  cons t ruc t ion  v a r i a b l e s  ite.roized 
Znthe Out l ine  of Planned Inves t iga t ions  (111, A . l ) .  
t h a t  t h i s  phase of study would ind ica t e  the  order  of magnitude of a c t i v a t e d  l i f e  
for  t he  medium-rate primary z inc-s i lver  oxide c e l l  a t  room temperature. 

This combination would 

It w a s  a l s o  a n t i c i p a t e d  

2. Procedure 

a. Separator  Combinations Tested 

F ive  cells  were constructed with each of four separa tor  combinations 
as l i s t e d  below: 

1) Group I, Cel ls  1-1 t o  1-5 

One wrap Polypor next  t o  the  pos i t i ve .  
'iwo wraps 300 Cellophane over the  Polypor. 
One wrap R-35-D absorbent Over the  negative.  

Group If, Cells 2-1 t o  2-5 

One wrap 419526 Nylon next  t o  the  pos i t i ve .  
Three wraps PE f i lm over the  Nylon. 
One wrap R-35-D on the  negative.  

Group 111, Cells 3-1 t o  3-5 

One wrap {I9526 Nylon next  t o  the  pos i t i ve .  
Two wraps 300 Cellophane Over the  Nylon. 
One wrap R-35-D on t h e  negat ive.  

One wrap 133 Visking on the  pos i t i ve .  
One wrap R-75-D on t he  negative.  
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These combinations were employed because they represent  a p p r o x h a t e l y  
equivalent  t o t a l  thicknesses  of separator  materials i n  each cell .  

b. C e l l  Tes t ing  

A l l  cells were a c t i v a t e d  with 20 cc of 1.400 s p e c i f i c  g rav i ty  potas-  
sium hydroxide so lu t ion .  
following a 2-hour soak per iod ( t h i s  rate i s  equivalent  t o  0.815 ampere per 
square inch  of  p o s i t i v e  su r face  area,  o r  t h e  15 t o  20-minute r a t e ) .  
c e l l s  were discharged following ac t iva t ed  stand per iods of two weeks, t h ree  
weeks, one month and two months. 
F igure  Nos. 1 through 4. 

One c e l l  of each type was  discharged a t  37 amperes 

Remaining 

Resul ts  of these  discharges are i l l u s t r a t e d  by 

- 3. Conc lus  i o n s  

A l l  c e l l s  displayed a s ign i f i can t  decrease i n  capac i ty  a f t e r  one month 
s t and ,  although they performed s a t i s f a c t o r i l y .  
a continued decrease i n  capaci ty  i n  the  i n t e r v a l  between one and two months 
a c t i v a t e d  s tand.  
are displayed by Figure No. 5. Smooth curves were not  employed i n  represent ing 
t h e s e  data because present  knowledge is  not  s u f f i c i e n t  t o  formulate an e x p l i c i t  
funct ion r e l a t i n g  these  va r i ab le s .  

Only Se r i e s  N cells displayed 

&ita relative t o  capaci ty  as a 5unci;ion or'aci;ivatei: s ta id  

Three l aye r s  of  the  PE film (an ion  exchange membrane) proved t o  be 
undes i rab le  f o r  t h i s  s p e c i f i c  appl icat ion.  
t h r e e  l aye r s  of PE f i lm i n  addi t ion  to  9526 Nylon on t h e  pos i t i ve  displayed i n  
gene ra l  l o w  vo l t age  and poor vol tage  cont ro l .  Post-mortem of PE cells revealed 
t h a t  a l l  layers  of t he  f i lm contained s i l v e r .  Two l aye r s  apparent ly  would not  
have been s u f f i c i e n t  t o  prevent s i l v e r  from reaching t h e  z inc  p l a t e ,  i nd ica t ing  
tha t  decreasing the  number of wraps of t h i s  membrane to reduce c e l l  r e s i s t a n c e  
would no t  be an  acceptable  approach t o  improving vo l t age  c h a r a c t e r i s t i c s .  

Figure No. 2 r evea l s  c e l l s  employing 

Use of one layer  of Polypor, another  ion-exchange membrane, along 
with t w o  l aye r s  of 300 Cellophane, revealed no outs tanding advantages. 
por menbrane d id  not  appreciably slow s i l v e r  migration. 
brane showed considerable  s i l v e r  loading and phys ica l  de t e r io ra t ion .  

The Poly- 
The c e l l u l o s i c  mem- 

The combination of  9526 Nylon with two wraps of 300 Cellophane ap- 
Both vo l t age  and capaci ty  were very peared to be the  most s a t i s f a c t o r y  one. 

&ood a t  t h e  two and th ree  week stand l eve l s .  
g r e a t e r  s tand per iods were comparable t o  t h a t  y ie lded  by o ther  separa tor  combina- 
t i o n s .  

Voltage and capaci ty  fo r  t he  

With the  exception of the discharge following two months s tand,  least 

This c e l l  employed one layer  of 133 Visking next t o  the  posi-  
v a r i a t i o n  of vo l tage  and capac i ty  with time was exhib i ted  by t h e  Control ,  o r  
S e r i e s  IV c e l l s .  
t i v e  p l a t e .  Voltage regula t ion  was not  favorable,  however. 

Resul t s  of ce l l  examination v e r i f i e d  the  advantages of employing an 
This prevents  damage t o  the  mem- open" waterial next t o  the  pos i t i ve  p l a t e .  11 

brane by c r y s t a l l i n e  formations. These formations otherwise tend t o  force t h e  
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separator from the  p l a t e ,  causing uneven discharge of  the  p o s i t i v e  p l a t e s  and 
t e a r i n g  or puncturing the  membrane. 

The tests conducted under Phase I1 i nd ica t ed  t h a t  under c a r e f u l l y  con- 

Even g rea t e r  
t r o l l e d  condi t ions ,  i nd iv idua l  cells might s tand  s a t i s f a c t o r i l y  f o r  a per iod of  
weeks, although a p rec i se  estimation of r e l a b i l i t y  cannot be made. 
doubt would be cast on any estimation of b a t t e r y  r e l i a b i l i t y  because of thermal 
c h a r a c t e r i s t i c s  and o ther  var iables .  

E. Phase I11 - Frac t iona l  Fac to r i a l  Study 

1. Object ive 

The Phases I and I1 having ind ica t ed  a s a t i s f a c t o r y  combination of 
s epa ra to r s  and method of separat ion,  i t  was  decided t o  proceed with evaluat ion 
of o ther  v a r i a b l e s  l i s t e d  i n  the  Outline of Planned Inves t iga t ions .  

2 .  Procedure 

a. Variables  

Table  No. VI l ists  t e s t  va r i ab le s  and levels which were s e l e c t e d  fo r  
study . 
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TABLE NO. V I  

TEST VARIABLES AND THEIR LEVELS 

A. Additives t o  E l e c t r o l y t e  
A0 - None 
A I  - 1% g e l  
A2 - Mn02 (at  s a t u r a t i o n )  
A3 - LiOH ( a t  s a tu ra t ion )  

B. E l e c t r o l y t e  Concentration 
Bo - 35% 
B 1  - 40% 
B2 - 45% 

C. Pos i t ive  Mater ia l  Density (m s . /cu. i n .  1 
Co - 68 
c1 - 74 
c2 - 821 

D. Pos i t i ve  G r i d  Metal 
Dn - 4/0 N i  
D; - 4 / 0  Ag 

E. Negative Mater ia l  D e n s i ,  
En .. 40 
E; - 45 
E2 - 50 

F. Ac’ditive Content i n  Negative P l a t e  * 
Fg 1% - 2% :; - 4% 

G. Negatfve G r i d  Metal 
Go- 
GI - S i l v e r  Flashed Cu (4/0) 

-. 

- S i l v e r  (4/0) G2 

H. Negative Formulation * 
€b - Pasted -kkk 
H1 - Sponge 
H2 - Metal l ic  

* The na tu re  of t h i s  a d d i t i v e  and i t s  in t roduct ion  i n t o  the  negat ive 
p l a t e  is propr ie ta ry .  

prepared by propr ie ta ry  procedures. 

c i e n t  quan t i ty  and of  t h e  qua l i t y  requi red  by t h i s  experiment. 

* These are desc r ip t ive  names r e f e r r i n g  t o  th ree  types of  negat ive p l a t e s  

** It proved imprac t ica l  t o  electroform pasted negat ive material i n  suffi- 
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b. Ant ic ipa ted  Effect  of Var iab les  

1) Addit ives  to  t h e  E l e c t r o l y t e  (Factor  A) 

Effec t s  of l i th ium hydroxide have been r epor t ed  i n  considerable  depth 
Its ef-  under o the r  con t r ac t s ,  bu t  pr imari ly  re la t ive  t o  t h e  secondary system. 

f e c t  would be expected t o  be increased charge r e t en t ion .  

Manganese dioxide,  spar ingly so lub le  i n  c a u s t i c  so lu t ions  might re- 
t a r d  hydrogen l i b e r a t i o n  a t  the  negative p l a t e .  

The ge la t inous  e l e c t r o l y t e  a d d i t i v e  was  expected t o  r e t a r d  bulk m o v e -  
ment of e l e c t r o l y t e  and discourage r e loca t ion  of z inc  throughout the  cell .  

2) E l e c t r o l y t e  Concentration (Factor B) 

Charac te r i s t i c s  of t h e  KOH-H20 system as a funct ion of "strength" and 
temperature are exhib i ted  by Figure Nos. 6 and 7.  

grav i ty ,  o r  31% by weight of KOH i n  w a t e r .  
KOH as e l e c t r o l y t e  would be expected t o  d isp lay  the  h ighes t  vo l t age  a t  any temp- 
e r a t u r e  o r  cu r ren t  dens i ty  of discharge.  
is a l s o  a t  a minimum for  t h i s  s t rength  as is i nd ica t ed  by the  phase diagram, Fig- 
u r e  No. 6. 

It is common knowledge t h a t  

A ce l l  employing a 31% s o l u t i o n  Of 

The f reez ing  poin t  of t he  e l e c t r o l y t e  

---a L-- 
LeuADLLvLLy ~f a K3Ii-Z 0 s0IutiuI1 is at 8 minimum in the  rsgi~n of 1.3 specific 2 

S o l u b i l i t y  of t he  silver spec ies  i s  a l s o  g r e a t e s t  a t  t h i s  concentra- 
t i o n ;  t he re fo re ,  higher  concentrat ions a r e  ccmmonly employed i n  cells intended 
f a r  long she l f  l i f e  or high temperature s tands .  
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 IN^ METAL 
PER SQ.IN. 

OF GRID 
0.00244 
0.00192 
0.00157 
0.00069 
0.00295 
0.00171 
0.00371 ~. 

3) Posi t ive  Mater ia l  Density (Factor C) 

OHMIC 
RESISTANCE 
OT 1 IN2 

1.69 10-3 

5.96 10-3 

2.14 10-3 
2.62 10-3 

1.48 10-3 
1.08 x 10-2 

-4.06 10-3 

Thickness t o  which t h e  pos i t ive  p l a t e  i s  compressed a f f e c t s  the  mech- 
a n i c a l  bonding between particles as w e l l  as t h e  e f f e c t i v e  sur face  area of t h e  
r e s u l t i n g  p l a t e .  These changes are r e f l e c t e d  i n  the  a v a i l a b i l i t y  of t h e  paten- 
t i a l  electrochemical energy, and hence, t he  capaci ty  e f f i c i ency  of the  pos i t i ve  
active material. 

RESISTANCE 
RELATIVE TO 4/0 

1.00 
1.27 
1.55 
3.53 
0.876 
6.38 
2.40 

An R' 

4 )  Pos i t ive  G r i d  Material (Factor  D) 

4 / 0  Ag 1.62 x 10'6ohm-cm 
31'0 A g  1.62 x 10Y60hm-cm 
2/0 A 8  1.62 x 10'60hm-cm 
l / O  Ag 1.62 si 10'6ohm-cm 
4/0 Ca 1.72 x 10'60hm-cm 
4/0 Ni 7.24 x 10'60hm-cm 
410 Zn . 5.92 x 10'60hm-crn , 

Choice of g r i d  metal determines the  electrical  r e s i s t a n c e  of t h e  gr id .  
This is r e f l e c t e d  i n  t h e  discharge vol tage  and poss ib ly ,  capaci ty  r e t en t ion .  

The following i s  a discussion of t h e  r e l a t i v e  current-carrying capaci-  
An elementary formula for  t h e  re- ties of var ious  commonly used g r i d  materials. 

s i s t ance  of a conductor is 

R = P- L 
A where 

P, L, and A are the  r e s i s t i v i t y ,  length,  and area, respec t ive ly ,  o f  t h e  conduct- 
i ng  material. 
i n  t h e  d i r e c t i o n  of t h e  terminal.  Taking a u n i t  length of one inch i n  the  d i -  
r ec t ion  of cu r ren t  travel, the  r e s i s t ance  may e a s i l y  be determined for  a square 
inch of  g r i d  metal. 
t i o n s .  

We s h a l l  assume t h a t  a cur ren t  flows un id i r ec t iona l ly  i n  t h e  g r i d ,  

Table No. V I 1  contains da ta  r e l a t i v e  t o  these  determina- 

- TAKE NO. V I 1  

RESISTANCES OP COYMON NTALLIC GRIDS 

RESISTIVITY 

These da ta  are not absolutely co r rec t  because of the  c ross -sec t iona l  
area of the  component w i r e  var iance with t h e  type gr id .  
however, t h a t  4/0 n i c k e l  g r i d  displaces  more a c t i v e  material than 2 /0  si lver,  but 
has a r e s i s t a n c e  more than 2/0 s i l v e r  g r id  and 6.38 times t h a t  of 4/0 s i l v e r .  
Although copper i s  s l i g h t l y  more r e s i s t i v e  than s i l v e r ,  one square inch of 4/0 
copper, for  example, has  a res i s tance  of 0.88 times t h a t  of an equal a r ea  of 4 / 0  
s i l v e r  gr id .  

It i s  r e a d i l y  apparent ,  

This is  because the  copper g r i d  contains  a g r e a t e r  volume of 
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conductive metal per u n i t  area. 
t i v e  and 4/0 copper on the  negat ive would be expected t o  e x h i b i t  t he  g r e a t e s t  
discharge vol tage.  

A c e l l  employing 4/0 s i l v e r  g r i d  i n  t h e  POSi- 

Degree o f  over-pasting a l so  a f f e c t s  conduct ivi ty .  The same grams Per 
square inch a c t i v e  material on 4 / 0  gr ids  r e q u i r e s  more overpast ing than l i g h t e r  
g r ids .  
tween manufacturers. 

It i s  a l s o  t o  be noted t h a t  expanded metal g r i d s  vary  considerably be- 

5 )  Negative Material Density (Factor  E) 

Apparent dens i ty  i s  important i n  the  z inc  nega t ive  for  t h e  Same reasons 
t h a t  are a s soc ia t ed  with t h e  posi t ive.  
i a l  has  been observed t o  decrease considerably a t  apparent  d e n s i t i e s  i n  excess 
of f i f t y  (50) grams per cubic  inch (depending somewhat upon p a r t i c l e  s i z e ) .  
u r e  NOS. 8 and 9 correlate void  space and apparent dens i ty  for t h e  z i n c  and d i -  
va l en t  s i l v e r  oxide p l a t e s .  

Ef f ic iency  of  t h e  negat ive a c t i v e  mater- 

Fig- 

.- 6 i  Addit ive Content i n  t h e  Negative P i a t e  t r a c t o r  Q 

The e f f e c t  of  t h i s  propr ie ta ry  a d d i t i v e  i s  t o  r e t a r d  hydrogen evolu- 

This i s  done a t  some s l i g h t  s a c r i f i c e  of discharge vol tage.  
t i o n  on s tand ,  thus decreasing t h e  d i s so lu t ion  of z inc  and reducing hydrogen l i b -  
e r a t ion .  

7 )  Negative Grid Metal (Factor  G) 

As with p o s i t i v e  g r i d  metal, choice of negat ive g r i d  metal i s  r e f l e c t e d  
i n  the  d ischarge  vol tage.  
example, t h e r e  i s  a tendency for  unprotected copper t o  corrode a f t e r  Long s tands ,  
r e s u l t i n g  i n  l o s s  of e l e c t r i c a l  cont inui ty  as w e l l  as copper contamination. 

Hydrogen overvol tage is  a l s o  t o  be considered. For 

F igure  No. 10 relates physical  c h a r a c t e r i s t i c s  of  t he  z inc  p l a t e  f o r  
z inc  and copper g r i d  materials. 

8) Negative Formulatf-on (Factor  H L  

There appeared t o  be l i t t l e  previous da ta  r e l a t i n g  t o  negat ive material 
formulation with s p e c i f i c  emphasis on long s tand ,  s t r i c t l y  primary app l i ca t ions .  

A l imi ted  supply o f  "metal l ic"  z inc ,  prepared by an Eagle-Picher pro- 
p r i e t s r y  process ,  w a s  used i n  two t e s t  c e l l s .  This z inc  i s  not t o  be confused 
with the  s tandard "metall ic" formulation which w a s  s tud ied  i n  g r e a t e r  depth. 
is character ized by Large p r t i c l e  s ize .  
vo l t ages  because of decreased ac t ive  ma te r i a l  sur face  area. This study w a s ,  
t he re fo re ,  terminated. 

It 
This res111ted i n  ucfavmahle discharge 

c.  Mathematical Approach 

As t h e  v a r i a b l e s  fo r  study were o r i g i n a l l y  ou t l ined  (Table No. VI) ,  
more than f i v e  thousand poss ib l e  combinations of c e l l  test  v a r i a b l e s  were pos- 
s i b l e .  
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C l a s s i c a l  evaluat ion of c e l l  va r i ab le s ,  t h a t  is, t he  determination of 
t h e  e f f e c t  a s i n g l e  va r i ab le  while holding a l l  other  f ac to r s  constant ,  y i e lds  i n  
i t s e l f ,  no information relative t o  poss ib le  i n t e r a c t i o n s .  
approach involves the t e s t i n g  of a l l  poss ib le  combinations. 
of such magnitude obviously w a s  impossible. 

I n  add i t ion ,  t h i s  
A t e s t i n g  program 

For t h i s  reason, t h e  s ta t i s t ica l  approach w a s  favored, whereby t e s t i n g  
Of  a small f r a c t i o n  of t h e  t o t a l  possible  combination permits evalWtiOn of test 
va r i ab le s .  Table No. VI11 r evea l s  the  combinations of v a r i a b l e  levels included 
i n  t h e  test  sets of  experimental c e l l s .  Test ing of t h i s  type allows determina- 
t i o n  of t h e  e f f e c t  of one v a r i a b l e  i n  t h e  presence of o the r  var iab les .  

TABLE NO. VI11 

FRACTIONAL FACTCRIAL PATTERN 
TWENTY-SEVEN CELL GROlJP (1) (2) 

CELL L E V E L S  
NO. A B C D E F G H 

1 0 0 0 0 0 0 0 0  
2 0 1 1 1 2 1 2 2  
3 0 2 2 0 1 2 1 1  
4 1 0 0 0 0 1 1 1  
5 1 1 1 0 2 2 0 0  
6 1 2 2 1 1 0 2 2  
7 2 0 0 1 0 2 2 2  
8 2 1 1 0 2 0 1 1  
9 2 2 2 0 1 1 0 0  

10 1 0 1 1 1 0 0 1  
11 1 1 2 0 0 1 2 0  
12 1 2 0 0 2 2 1 2  
13 3 0 1 0 1 1 1 2  
14 3 1 2 1 0 2 0 1  
15 3 2 0 0 2 0 2 0  
16 3 0 1 0 1 2 2 0  
17 3 1 2 0 0 0 1 2  
18 3 2 0 1 2 1 0 1  
19 2 0 2 0 2 0 0 2  
20 2 1 0 0 1 1 2 1  
2 1  2 2 1 1 0 2 1 0  
22 2 0 2 1 2 1 1 0  
23 2 l O O 1 2 0 2  
24 2 2 1 0 0 0 2 1  
25 0 0 2 0 2 2 2 1  
26 0 1 0 1 1 0 1 0  
27 0 2 1 0 0 1 0 2  

(l) Plan No. 11, p. 144, "Orthogonal Main Effec t  Plans", Addelman, 

( 2 )  Cells including the  "0" l eve l  of H were not constructed.  

AD 272 250 

- 83 - 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

d, C e l l  Construction 

As noted by Table No. V I I I ,  f ab r i ca t ion  of "pasted" negat ives  proved 
(This type of p l a t e  i s  not t o  be p r a c t i c a l l y  adaptable t o  the  primary system. 

o r d i n a r i l y  i n  secondary c e l l s  i n  which t h e  active materials are electroformed 
within t h e  cell.) A s  remaining cells of t h e  twenty-seven c e l l  test group had 
already been constructed,  i t  was  economically un feas ib l e  t o  select a new plan 
for  combinations of c e l l  va r i ab le s .  This  caused, i n  e f f e c t ,  a non-orthogonal, 
ei.3htcen-cell plan,  Including a l l  ce l l s  not  containing l e v e l  '%", pasted nega- 
t ives .  

e. C e l l  Tes t ing  

Cells were ac t iva t ed  w i t h  e l e c t r o l y t e  of t he  appropr ia te  s t rength  and 
This w a s  done i n  order t o  acee l -  composition, then placed on s tand  a t  +130" F. 

erate the  mechanisms which cause losses i n  capaci ty .  
s tand a t  i n t e r v a l s  of two hours,  four,  s i x  and e i g h t  days. 
t o  cool t o  room temperature, then discharged a t  a thirty-ampere rate. 
and capaci ty  responses were obtained fo r  each ce i i  and served iis 
a n a l y s i s  of e f f e c t s .  

Cells were removed from 
Cells were a l laJed  

Voltage 
data f ~ r  

These responses are revealed by Table Nos. IX and X. 

3. Analysis of Data 

a. BY Examination of Means 

C e l l  responses were categorized with respec t  t o  each va r i ab le  and 
average responses w e r e  ca lcu la ted  for  c e l l s  including each l e v e l  of t he  va r i ab le .  
This treatment of capaci ty  da ta  i s  revealed by Table Nos. X I  through XIV.  

Comparison of means indicated cons is ten t  t rends  appeared with respec t  
t o  four fac tors .  These are summarized as follows: 

Elec t ro ly te  Concentration - Factor B. 
45% KOH (B2) exhib i ted  approximately 21% grea te r  capac- 
i t y  than those having 35% KOH. 

C e l l s  employirig 

Pos i t i ve  Grid Metal - Factor  D. 
averaged 10% g r e a t e r  capac i ty  than those with s i l v e r  
gr id .  

Cells using n i c k e l  g r i d  

Negative Density - Factor E. Cells using the  low l e v e l  
of Factor E (40 grams per cubic inch) averaged 13% 
greater capacity than those having 50 grams per cubic 
inch. 

Negative Formulation - Factor H, 
of "spongy" s t r u c t u r e  exhib i ted  capac i t i e s  g rea t e r  by 
approximately 20% than those having "metall ic" z inc .  

Ce l l s  employing z inc  
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b. Analysis by Half-Normal P lo t s  

1) General 

This method of a n a l y s i s  of f a c t o r i a l  experiments i s  genera l ly  c red i t ed  
t o  Cuthbert  Daniel. It is predicated on the  f a c t  t h a t  i f  t he re  are no real  e f -  
f e c t s  or i n t e r a c t i o n s  i n  such an experiment, then t h e  c o n t r a s t s  - or  measures 
of  t h e  main e f f e c t s  and in t e rac t ions  - should be normally d i s t r i b u t e d  with mean 
zero.  This implies  a linear representa t ion  of cumulative sample d i s t r i b u t i o n  
of c o n t r a s t s  versus  t h e  cumulative ha l f  -normal d i s t r i b u t i o n  when p l o t t e d  on 
normal p robab i l i t y  paper. 
half-normal l i n e  ind ica t e s  e i t h e r  s ta t is t ical  s ign i f i cance  o r  abnormal e r ro r .  

A l a r g e  deviat ion of a c o n t r a s t  t o  t h e  r i g h t  of  t h e  

Actual  mathematical s t eps  i n  applying ana lys i s  by half-normal p l o t s  
are included i n  t h e  Appendix. 

2) Procedure 

Calcu la t ions  were first accompiisheci using "zero" r e s p n ~ e s  fer ~ 1 l . s  
which f a i l e d  p r i o r  t o  scheduled discharges.  A s  t h i s  treatment is not  i n d i c a t i v e  
of progressive lo s ses  i n  capac i ty  and vo l t age  c h a r a c t e r i s t i c s  o r  the  e f f e c t  of 
cons t ruc t ion  v a r i a b l e s  on these  gradual losses, ca l cu la t ions  were repea ted  using 
est imated responses.  
sponse p a t t e r n s  of ind iv idua l  c e l l  designs.  
t h e s e  data are revealed by Figure Nos. 11 through 17. 

These new responses were obtained by i n t e r p o l a t i n g  re- 
Half-normal p l o t s  der ived from 

3) Resul t s  and Conclusions 

Ef fec t s  which a r e  apparent ly  s i g n i f i c a n t  with r e spec t  t o  capac i ty  re- 
t e n t i o n  are: AL, Ac, AA, %, D, EL, FL, FA, and GL. 

Table No. XV r e l a t e s  s i g n i f i c a n t  e f f e c t s  with r e spec t  t o  vol tage .  

7 TABLZ NO. XV 

S I G N I F I ~ N T  EFFECTS 
(with respect  t o  vol tage)  

2 hours 4 days 6 days 8 days 10 days 

AC AC AC AC AQ 
CL AC 
AQ AL 

% AQ 
EL 

FL AL cQ 
GQ 
BL 

AL 
GL 

% 
AL 
D AL 

CL EQ 
D GQ 

Go 
BL 

D I FL 

% D D 
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The high apparent s ign i f icance  of f ac to r s  r e l a t i n g  t o  Factor A ,  elec- 
t r o l y t e  add i t ives ,  stems from non-orthogonality of t h e  plan. S i x  cells  i n  each 
set were t e s t e d  using l e v e l  '!A ' I ,  while the  remaining l e v e l s  were used i n  only 
four cells  each, thus causing &as toward t h e  '!A2'' level. Table No. X I X  r evea l s  
mean responses fo r  c e l l s  involving each l e v e l  of Factor  '!A'' fo r  a s tand  per iod 
of s i x  days, and i s  presented as represent ing t y p i c a l  date .  

TABLE NO. X z  

EFFECT OF FACTOR ''A", ELECTROLYTE ADDITIVES 

I LEVEL OF "A" I VOLTAGE RESPONSE I CAPACITY RESPONSE I 
I Ao, no a d d i t i v e  

I 
A2, kino2 

A3, LiOH 

Ao, no a d d i t i v e  

A2, kino2 

A3, LiOH 

82.3 

84.8 

84.9 

86.1 

82.3 

84.8 

84.9 

86.1 

17.1 

20.3 

.I 0 1. 
LO .L, 

19.3 

17.1 

20.3 

.I 0 1. 
LO .L, 

19.3 

These da ta  i n d i c a t e  t h a t ,  i n  t he  case of each vo l t age  end capac i ty  re- 

This  implies  confirmation of s ign i f i cance  of t h e  f ac to r s  r e l a t i n g  t o  
sponse, the  cells employing no e l e c t r o l y t e  a d d i t i v e s  exhib i ted  the  smallest re- 
sponses. 
" 1 1 .  

c ,  Curve-Fitt ing by Computer 

1) General 

I n  order  t o  achieve the  maximum b e n e f i t  from the  response da t a  p rev i -  
~ u s l y  discussed,  i t  w a s  decided t o  der ive a formula descr ib ing  vo l t age  and capac- 
i c y  da ta  as a funct ion of ce l l  construct ion va r i ab le s .  

2)  Procedure 

The equation is of the  type 
f 

Y =h + ai + Blb + B2b2 + 1 c + d j  + i '  l e  

2 A' 2e2 + Kif + K2f + gk + he. (1) 

The letters b,  c, e and f refer t o  the  v a r i a b l e  l e v e l  numbers employed i n  a cer- 
t a i n  ce l l  (see Table No. V I I I ) .  
c a l cu la t ed  by computer t o  i n d i c a t e  the  e f f e c t  of  levels of t he  q u a l i t a t i v e  Fac- 
tors A ,  D, G and H. 
a l s o  determined by computer by t h e  method of least squares.  

The terms ai, d j ,  gk and he represent  values  

The termsfl  , B l ,  B2, 8 1, x - 2 ,  (J1, d 2 ,  K1 and K2 were 
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Values were determined for a l l  terms included i n  equation (1) t o  allow 

Table 
descr ip t ion  of both capaci ty  and vol tage responses fo r  s tand per iods of  two hours,  
four days, s ix  days, e ight  days and ten  days a t  a temperature of +130° F- 
No. X X  reveals va lues  used i n  ca lcu la t ing  responses. 

3) Resul ts  

The experimental  s e r i e s  included t e s t i n g  of only a f r a c t i o n  of  t he  many 
poss ib le  c e l l  designs. 
were cons i s t en t  and included no important i n t e r a c t i o n s ,  equation (1) might satis- 
f a c t o r i l y  p r e d i c t  responses f o r  any of t he  untes ted  designs.  
imprac t ica l ,  however. 
F ,  C e l l  Nos. 19 and 25 were i n t e r n a l l y  shorted.  Therefore,  terms of the  least 
squares  equation were determined from s ix t een  r a t h e r  than eighteen responses. 
Table No. XXI conta ins  comparative data whereby t h e  response d e t e r i o r a t i o n  charac- 
t e r i s t i c s  were used t o  c lose ly  est imate  responses which C e l l  Nos. 19 and 25 might 
have exh ib i t ed  had they undergone normal performance degradation. 

I 

i It w a s  an t i c ipa t ed  t h a t  i f  e f f e c t s  of  the  test  v a r i a b l e s  

This proved t o  be 
For ins tance ,  z f t e r  a s tand  period of  e i g h t  days a t  +130° 

4 )  Conclusions 

It is  ind ica t ed  t h a t  there  may be i n t e r a c t i o n s  between seve ra l  of t he  
ce l l  v a r i a b l e s  s i n c e  the  e f f e c t  of including a s p e c i f i c  design f ac to r  i s  not  pre-  
d ic tab l j j  constant  among a l a rge  number of c e l l  design combinations. 
a c t i o n s  would r e q u i r e  a l a rge r  orthogonal f r a c t i o n a l  r e p l i c a t e  tes t  group f o r  
complete evaluat ion.  Data i n  Figure Nos. 18 and 19 a l s o  re-emphasize another  
fundamental f ac t .  
t h a t  s e v e r a l  c e l l s  represent ing  maxima on the  capaci ty  response p a t t e r n  cor re-  
spong t o  minima on t h e  vo l t age  response pa t t e rn .  
line segments represented by the  two f i gu res  are frequent ly  of opposi te  a l g e b r a i c  
s ign ,  
t i o n  are de le t e r ious  t o  vo l t age  cont ro l ,  and v i c e  versa .  This  i nd ica t e s  t h e  d i f -  
f i c u l t y  enccuntered i n  proclucing an optimum "general purpose" cel l  design. Data 
o f  Tz!gure Nos. 18 and 13 69, however, i n d i c a t e  t h a t  C e l l  Nos. 10 and 14, fol l rm- 
i.r?.g e i g h t  days a c t i v a t e d  s tand a t  +130° F, exh ib i t  t he  g r e a t e s t  vo l tage  responses,  
while  their capaci ty  responses are a l s o  w e l l  above the  mean. 
t hese  c e l l s  havo, been iccluded i n  t h e  design of t he  pre-prototype and prototype 
c e l l s .  

Such i n t e r -  

Direct comparisoa of  t h e  da ta  comprising these  f igu res  reveals 

Slopes of corresponding s t r a i g h t  

This again confirms that measures commonly taken t o  improve capaci ty  r e t e n -  

Ifany f ea tu res  of 

F. Phase A7 - Pre-Prototype and Prototype C e l l  Design 

1. Obiective 

It was noted, i n  assoc ia t ion  with t h e  f r a c t i o n a l  f a c t o r i a l  s tudy,  t h a t  

It w a s  fu r the r  i nd ica t ed  t h a t  a t  s tand 
cells enploying n i cke l  p o s i t i v e  g r i d s  exhib i ted  g rea t e r  re tent ion-of-charge during 
s t and  per iods up t o  ten  days a t  +130° F. 
per iods  g r e a t e r  than t e n  days, t h i s  t rend  might tend t o  r eve r se ,  with cells having 
nl.clcc1 p o s i t i v e  g r i d s  su f fe r ing  t o t a l  f a i l u r e  f i r s t .  To s tudy t h i s  p o s s i b i l i t y  
and eva lua te  a ce l l  design using other information gained i n  the  f r a c t i o n a l  fac-  
torial  study, a series of pre-prototype cells was constructed.  
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2. Cell Construction and Testing 

An equal number of cells were constructed using each nickel and silver 
positive grid metal. Other construction variables were as follows: 

a. Electrolyte - 45%, no additives 
b. 
c. 
d. 
e. Negative material additive - 2% 
f. 

Positive material density - 80 gram per cubic inch 
Negative material density - 40 gram per cubic inch 
Negative grid metal - 4/0 expanded copper 
Negative formulation - spongy zinc. 

Cells were placed on stand at +130° F and open circuit Voltages re- 
corded periodically. 
were removed from stand in numerical sequence and discharged at 30 amperes to 
preselected stand periods of three, five, seven, eleven and seventeen days. 

These are displayed by Table Nos. XXIII and XXIV. Cells 

Discharge characteristics for cells on stand test are displayed by -. rigure live. 22 throiigh 24. 

Data in Figure No. 25 reveals a significant variance between open cir- 
cuit voltage retention characteristics of the two experimental series of cells. 
Cells having silver positive grid metal maintained higher open circuit voltage. 
In addition, following seventeen days activated stand, none of the remaining 
five cells having nickel grid yielded useable capacity, while cells having silver 
positive grid yielded only slightly decreased voltage. Increased open circuit 
voleage exhibited by cells having silver positive grid metal is apparently re- 
flected in the initial voltage during the first few minutes on discharge. Cells 
employing nickel positive grids display slightly greater ampere-hour efficiency. 
However, capacities of the two cell types converge with increased activated stand 
periods and cells employing nickel positive grids were first to suffer total 
failure. Further studies would be necessary to determine the minimum silver grid 
which may be used without sacrificing voltage control during high rate discharges. 

3.  Prototype Cell Design 

The following cell design has been selected as a result of stand tests 
of experimental cells at elevated temperature: 

a. 
b. 

d. 
e. 
f. 
g= 
h. 

C. 

2 Positive material - 1.8 gms/in 
Positive grid metal - silver 
Positive material apparent density - 80 gms/cu in 
Negative material formulation - spongy zinc* 
Negative material 
Negative grid material - copper 
Negative material apparent density - 40 gms/cu in 
Separation (1) one wrap woven nylon 

(2) two wraps cellulosic membrane 
(3) one wrap non-woven rayon 

of Ago 

2 plate weight - 1.35 gmsiin 

* This is a descriptive name applied to dry-charged spongy zinc active material 
prepared by an Eagle-Picher proprietary process. 
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i. Elec t ro ly t e  - 42 to  45% KOH by weight 
j. P l a t e  s i z e  - 1-518 i n .  x 2-118 in .  
k. Number of p l a t e s  (1) seven p o s i t i v e  p l a t e s  

(2) e i g h t  negat ive p l a t e s .  

This design d i f f e r s  from the previous c o n t r o l  design i n  t h e  following 
design f a c t o r s  : 

a. 
b. 
c. 

d. 

e. 

Pos i t i ve  g r i d  metal ( s i l v e r  vs .  n icke l )  
Negative material dens i ty  (decreased dens i ty  is suggested) 
Type of separat ion (mul t ip le  wraps on separa t ion  to  be used 
next  t o  the  pos i t i ve  p l a t e )  
Strength and composition of  e l e c t r o l y t e  (more concentrated 
e l e c t r o l y t e )  
P l a t e  s i z e  (height has  been increased by 118 in . )  

Evaluation of  i nd iv idua l  c e l l s  of improved design has  ind ica t ed  genera l  
l i m i t s  of s a t i s f a c t o r y  ac t iva t ed  stand. 
have failed a f t e r  a s tand per iod of four day8 a t  +130" F. 
i nd iv idua l  cells  may be expected t o  perform r e l i a b l y  a f t e r  a minimum of four 
days s tand  a t  +130° F. 
s tand temperature of +75" F. These improvements i n  overall ce l l  performance re- 
s u l t  from changes i n  cel l  design and manufacturing processes as w e l l  as g r e a t e r  
q u a l i t y  assurance measures. That i s ,  t he  a c t i v a t e d  s tand l i f e  of a primary ce l l  
has been s i g n i f i c a n t l y  increased a t  no apprec iab le  l o s s  i n  energy dens i ty .  

For ins tance ,  no c e l l s  were observed to  
It is  ind ica t ed  t h a t  

An ac t iva t ed  l i f e  of two weeks appears ob ta inable  a t  a 
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W. STJMMARY AND CONCLUSIONS 

Studies  categorized under four phases have been conducted r e s u l t i n g  
i n  an improved primary z inc - s i lve r  oxide cell .  

1. Commercially ava i l ab le  separa tor  materials, both membranous and 
"open", were evaluated with respec t  t o  e l e c t r i c a l  r e s i s t a n c e ,  speed of wettl.ng 
and a b s o r p t i v i t y  ( e l e c t r o l y t e  re ten t ion) .  I n  add i t ion ,  l i f e  cyc le  tests i n d i -  
ca t ed  relative a b i l i t i e s  of separators  t o  withstand condi t ions  of se rv ice .  
l u l o s i c  products have the  advantage of low r e s i s t a n c e  which is necessary f o r  
high rate appl ica t ions .  

C e l -  

2.  A preliminary cell  design study cons is ted  of  s tand tests of cells 
constructed using four d i s t i n c t  separator  combinations, including ion-exchange 
membranes. It tr7as ind ica ted  t h a t  a considerable  percentage o f  ind iv idua l  cells ,  
i f  constructed by the  most r igorously con t ro l l ed  processes ,  might perform satis- 
f a c t o r i l y  a f t e r  s tand  per iods of weeks a t  room temperature. The most des i r ab le  
e l e c t r i c a l  c h a r a c t e r i s t i c s  were obtained from c e l l s  employing mul t ip le  wraps of 
a c e l l u l o s i c  membrane i n  combination w i t h  a woven nylon fabr ic .  'ine "open" sep- 
a r e t o r  reawes the  c e l l u l o s i c  material from the  oxid iz ing  e f f e c t  o f  t h e  d iva l en t  
s i l v e r ,  while  providing a region i n  which c r y s t a l l i n e  growths r e l a t e d  t o  the  pos- 
i t i v e  p l a t e  can occur with reduced danger of damage t o  t h e  cellophane membrane. 
This separz t ion  technique was se lec ted  for  use  i n  t h e  following eva lua t ion  of 
o ther  c e l l  cons t ruc t ion  v a r i a b l e  s tudies .  

3. A s t a t i s t i c a l l y  designed experiment w a s  ou t l i ned  t o  study t h e  e f -  
f e c t s  of several variables, including e l e c t r o l y t e  s t r eng th  and composition, posi-  
t ive  and negat ive material dens i t i e s ,  p o s i t i v e  and negat ive  g r i d  metals ,  and neg- 
2 t i v e  formulation. 

Duplicate sets of eighteen d i f f e r e n t  ce l l  designs were discharged f o l -  

Severa l  thousand cells would have been necessary to test  these  v a r i -  
lowing a c t i v a t e d  s tand per iods  of  two hours, four ,  s i x ,  e i g h t  and ten days a t  
+130" F. 
eb l e s  by the  "c l a s s i ca l "  method of varying only one f a c t o r  a t  a t i m e .  Refiponse 
da t a  were analyzed by simple examination of  means, as well as by prepara t ion  o f  
half-normal p l o t s .  

Consis tent ly  b e n e f i c i a l  e f f e c t s  upon capac i ty  r e t e n t i o n  r e su l t ed  from 
more coccentrated KOH e l e c t r o l y t e  (Level B2), less dense negat ive material (Level 
E ) ,  n i c k e l  p o s i t i v e  g r i d  (LeTel D) and "sponge" negat ive material (Level Hi).  
Less d e f i n f t i v e  r e s u l t s  include use of e l e c t r o l y t e  a d d i t i v e s ,  such as LiOII, 
Iln02 and WA gel .  

Important des i r ab le  e f f ec t s  upon vo l t age  were: use of silver p o s i t i v e  
g r i d  (as, of course,  a n t i c i p a t e d ) ,  and use of less dense negat ive material. 

Analysis  by half-normal p lo t s  i s  e s s e n t i a l l y  a conservat ive method 
which i s  not  advantageous i n  locat ing e f f e c t s  of only minor magnitude o r  s i g n i f i -  
cance. 
p lans  and may be too laborious t o  accomplish manually. 

Mathematical computations a r e  g r e a t l y  complicated by non-orthogonal 
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4. A series of pre-prototype c e l l s  were designed, constructed and 
These c e l l s ,  t he  construction d e t a i l s  of which have been presented, 

C e l l s  were 
tes ted .  
u t i l i z e d  knowledge gained i n  the  th ree  previous phases of study. 
placed on ac t iva t ed  stand a t  +130° F t o  speed f a i l u r e  mechanisms. 
bers  of cells were constructed using silver and n i c k e l  p o s i t i v e  g r i d  metals 
t o  gain fu r the r  i n s i g h t  i n t o  t h e  r e l a t i v e  performance c h a r a c t e r i s t i c s ,  pa r t i cu -  
l a r l y  following s tand per iods grea te r  than t en  days. 
s t r u c t i o n  var iab les .  

Equal num- 

There were no o ther  con- 

Data revealed s l i g h t l y  greater capaci ty  e f f i c i ency  i n i t i a l l y  for  c e l l s  
having n i cke l  pos i t i ve  g r ids ,  although the  d i f fe rence  became less s i g n i f i c a n t  
following seve ra l  days ac t iva t ed  stand. 
were f i r s t  t o  s u f f e r  i n t e r n a l  shorting. 

Cells having n i c k e l  p o s i t i v e  g r i d s  

Although r e l i a b i l i t y  s tud ie s  as such were not conducted, i t  is appar- 
e n t  t h a t  a l a rge  percentage of individual  cells  could be expected t o  perform 
s a t i s f a c t o r i l y  following four days a c t i v a t e d  s tand a t  +130° F o r  approxlmately 
two weeks a t  +7S0 F. 

Because of a c t i v a t i n g  heat ing i n  b a t t e r i e s  and the  number of cells  i n -  
volved, ba t t e ry  r e l i a b i l i t y  would be expected t o  be less than t h e  above l i m i t s .  
It would be unwise t o  attempt t o  apply s i n g l e  ce l l  capaci ty  r e t e n t i o n  da ta  to  
produce an estimate of ba t t e ry  r e l i a b i l i t y .  

- 91 - 



v. pERSONE!!L 

The following t o t a l s  of man-hours have been expended during the con- 
ttract period : 

Engineering - 1549 hours 
Technical - 2542 hours 

TOTAL - 4091 hours 

* 92 - 
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CELL 
NO. 
1 

2 
3 

4 

- 
5 
6 

- 7  
8 

9 

10 
11 

1 2  

- 

13L 
14 

15 

"MBER 
WRAPS 

1 

2 
1 

1 1 16 
I 

CYCLES TO 
SEPARATOR COMBINATION FAILTJRE 

9526 Nylon 
.OO2" Polyvinyl Alcohol Film 879 

9526 Nylon 
.002" Polyvinyl Alcohol Film 347 

TABLE NO. I11 

1 

SEPARATOR LIFE CYCLE STUDY 
(Cycles t o  Fa i lure)  

300 C e i  lophane 
1 .002" Polyvinyl Alcohol F i l m  

1 ea 9526 Nylon. 600 Cellophane 
1 ea Dvnel. Fibrous Viskinp, 
1 ea Dynel, 133 Visking 
1 9526 Nylon 
1 
1 9526 Nylon 
1 ,002" Polyvinyl Alcohol Film 
1 .002" Polyvinyl Alcohol F i l m  
1 9526 Nvlon 

3_00 cellophane coated with WA on one s i d e  

347 
347 
347 
347 

347 

17 1 
144 

1 
1 

.004" holyvinyl  Alcohol Film 1 749 
9526 Nylon 

3 
1 ea 

1 
3 
1 
3. 

1 ea 

1 ea 
2 
- 1 

PI3 10/20 Film 347 
Dvs-el, Pclypor ,  Polyvinyl Alcohol Film 879 
9526 Nylon 
PE 10/20 Film 1232 
9526 Nylon 

9526 Nylon, 3CO Cellophane and 
FE 10/20 Film 347 

Polvvinyl Alcohol Film - 
PE F i lm (spec ia l ) ,  9526 Nylon 525 
PE F i l m  ( spec ia l )  
9526 Nylon 52 8 

1232 
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SEPARATOR 
MATERTAL 

133 Visking 

Fibrous Visking 

300 Cellophane 

600 Cellophane 

PE Film-307 

PVA Film 

0.005" Nylon 

0.011" Nylon 

0.005" Pellon 

0.0 12 I' Pel Ion 

R-35-D 

R-7 5-D 

TA3LE NO. I V  

EFFECT OF TEMPERATJJRJJR 
ON SEPARATION PROPERTIES 

L_- RESISl 
0" F 

0.054 

0.0269 

0.025 

0.0898 

0.0322 

0.0269 

0.00898 

0.00E98 

WE (ohn 
k8O0 F 

3.0225 

I .  0143 

I .  0053 

3.0116 

3.0071 

0.0071 

0.0024 

0.0055 

0.0071 

0.0116 

0.0084 

0.0112 

inch21 
+120" F 

0.011 

* 
0.007 18 

* 
0.0071 

0.0071 

0.00359 

* 
0.00718 

TR2 
0" F 

30 

1.75 

4 

2 

20 

0.55 

1 

2 

;minutes 
+80° F 

4 

2 

0.5 

0.5 

1 

3 

+ 
+ 
+ 

+ 
+ 
1 

&* 

+120" F 

4 

+ 
0.5 

+ 
1.2 

1 min. 

1 min. 

0.85 

+ 

* Resis tance too small t o  be detected.  
** 7332 repesents t he  soak t i m e  requi red  for t he  sample t o  a t t a i n  

a res i s rnnce  equal t o  twice i t s  f i n a l  s t a b l e  value.  
+ Resis tance reached f i n a l  almost immediately. 

Blank spaces ind ica t e  data not y e t  obtained. 
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TABLE NO. IX 

CELL EESPONSES (capacity), 
(Discharge capacity in minutes at a 30-ampere rate) 

CELL 2 hr. 4 da. 6 da. 8 da. 10 da. nin 

2 19.0 13.0 12.25 11.0 9 .o 
3 30.0 28.0 23.00 21.0 18.0 
4 27.0 24.0 21.009<* 19.0 19.5 
6 24.0 20.0 19.5 17.0 19 .o 
7 22.0 17.0 13.75 14.0 15.0 
8 29.0 23.0 22.50 18.0 17.0 
10 24.0 22.0 21.20 20.0 18.0 
12 28.5 23.0 19.25 15.5 19 .o 
13 22.0 13.0 17.30 9.0 9.0 

17 27.0 25.0 21.50 19.0 17.0 
18 24.0 19.0 19.75 17.0 16.0 
19 23.0 20.0;'; 11.50 14.0* 19.0 
20 30.5 24.0* 19.75 19.0 20.0 
23 25.0 28.0 18.50 17.0 17.0 
24 28.0 25.0 24.50 22.5 22.0 
25 24.0 13.0 15.50 13.0>\ 12.0* 
27 30.0 21.0 17.50 20.0 17.0* 

14 25.5 21.0 20.75 20.0 18.0 

*These are estimated responses based upon trends in 
cell performance characteristics. 
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TABLE NO. X - 
RESPONSES (vo Itage**) 

CELL NO. 2 hr .  4 h. 6 da. 8 da. 10 da. 
2 96 .O 86.0 85.3 84.0 84.0 
3 
4 
6 
7 
8 

10 
12 
13 
14 
17 
18 
19 
20 
23 
24 
25 

88.7 
92.7 
94.7 
96.0 
90.7 
96.0 
90.7 
90.7 
94.7 
87.3 
93.3 
90.7 
91.3 
92.0 
83.3 
92 .O 

78.7 
86.0 
89.3 
92.0 
79.3 
92 .O 
76.0 
84.7 
95.3 
77.3 
85.3 
88.0* 
84.0* 
80.7 
76.0 
84.7 

81.3 
85.0* 
86.0 
38 .O 
a2 .o 
92 .O 
76.0 
85.3 
92 .O 
82 .O 
85.3 
84.0 
81.3 
85.3 
80.7 
86.7 

73.3 
84 .O 
80.7 
85.3 
78.7 
88.0 
74.0 
82 .o 
89.3 
73.3 
74.7 
80. o* 
77.3 
80 .O 
75.3 
84.0* 

76.0 
84.7 
82.7 
88.7 
83.3 
89.3 
79.3 
86.0 
89.3 
82.0 
77.3 
77.3 
82 .o 
82.7 
79.3 
82 .O* 

27 90.7 79.3 79.3 76.3 75.0* 

* Responses for these  c e l l s  (which f a i l e d  to del iver  usable  

** These responses are obtained by dividing t h e  cel l  discharge 
capaci ty)  were estimated from t h e  response pa t te rn .  

voltage a f t e r  15 seconds by 1.50 v o l t s .  This a r t i f i c i a l  
response f a c i l i t a t e s  handling of  da ta .  
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FACTOR L E V E L  
0 1 2 3 

TABLE NO. PI 

B 23.5 26.0 27.4 
C 26.1 25.3 25.6 
D 27.0 23.1 -- 
E 26.6 25.9 24.6 
F 25.8 24.8 25.8 
G 25.3 27.3 24.6 
H 26.9 24.5 

MEAN CAPACITY I N  MINUTES 
’(30-ampere rate) 

(2 hr. stand) 

1 

0 1 2 3 

TABLE NO. XI1 

MEAN CAPACITY IN MINUTES 
(30-ampere rate) 
(6 da. stand) 

A 17.1 20.0 18.6 19.8 
B 15.1 19.2 20.6 
C 18.2 19.2 18.6 
D 19.2 17.9 
E 19.6 19.9 16.8 
F 20.1 17.3 18.9 
G 18.2 20.6 i7.5 
H -- 20.9 16.8 I 
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TABLE NO. X I 1 1  

MEAN CAPACITY I N  MINUTES 
(30-ampere rate) 

( 8  da. stand) 

FACTOR L E V E L  
0 1 2 3 

A 17.1 17.9 18.1 16.2 
B 17.1 17.3 18.7 
C 16.9 16.0 19.2 
D 16.6 16.5 
E 19.1 17.2 15.4 
F 19.3 15.8 17.5 
G 17.9 16.9 16.7 
H -- 19.6 15.3 

TABLE NO. X I V  

MEAN CAPACITY I N M I N U T E S  
(30-ampere rate) 

(10 da. stand) 

FACTOR L E V E L  
0 1 2 3 

I 
A 13.5 18.9 18.5 15.0 
B 16.1 16.3 18.8 
C 17.7 15.0 18.2 
D 17.8 15.8 
E 18.3 16.8 16.0 
F 18.7 14.7 i7.4 
G 17.2 16,6 17.0 
H -- 18.9 15.5 I 



I .  
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

,I 



I .  
I '  
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 

EFFECT 

A L  
AC 
AQ 
B L  
BQ 
C L  
cc 
E L  
EC 
FL 

D 1 
TABLE NO. XVII 

2 hours 4 days 6 days 8 days 10 days 

4.5 6.1 6.8 3.7 2 . 6  
-18.1 -13.6 -7.8 -10.0 -1Cs.l 
-14.0 -16.7 -6.6 -10.7 -16.4 
6.5 2.0 -12.9 6.9 5.3 
0.9 3.2 1.2 1.0 -1.3 
1.0 -1.7 0.2 a.7 -I .O 

-4.3 
-7.8 -6.8 -7.1 -2.3 -2.8 
-3.3 -6.4 -12.6 -8.8 -4.8 

-1.3 
-8.7 -1.4 -7.9 -8.7 -3.8 
-0.8 -6.8 -2.1 -3.5 -5.0 
-5.2 -6.1 -1.1 -3.3 -0.6 
4.7 5.2 - 5 . 8  -0.3 -0.9 

-1.1 -4.3 1.1 0.8 

0.7 -3.7 3.1 0.5 

CONTRAST VALUES 
( w i t h  respect to capaci ty)  

I STAND PERIOD 

-- 
EFFECT 

TABLE NO. XVIII 

CONTRAST VALUES 
(with respect  t o  voltage) 

STAND PERIOD 
2 hours 4 days 6 days 8 days 10 days 

19 .a 
-56.1 
-21.2 
4.7 
0;3 
-2.3 
0.5 
9.1 
3.8 
0.4 

-24.6 
1.1 
0.5 
-5.9 
0.0 

21.9 
-46.1 
-40.9 
-12.4 

- 1 ;  1 
19.8 
-3.9 
17.5 

-27.5 
2.27 
7.2 
0.1 

-26.9 
-13.1 

-1.9 

21.9 
-48.0 
-38.9 
-6.5 
16,6 
3.2 
0.6 
24.6 
2.2 
2.7 

-22.1 
-2.2 
-2.9 
-7.1 
-3.6 

34.0 
-45.2 
-39.3 
-14.2 
1.3 

44.3 
2.1 
11.0 
-2.3 
9.6 

-19.1 
-0.9 
-0.4 
-7.4 
-2.2 

24.3 
-35.8 
-41.9 
-11.1 
4.8 

- 1 . 6  
13.0 
8.8 
-4.6 
2.5 
1.2 
-2.3 
2.3 
11.4 
-1.3 
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TABLE NO. XX 

Values Used in Calculating Voltage Response 
By Use of Least Squares Equation (1) 

TERM 2 Hr. 4 Days 6 Days 8 Days 10 Days 

91.103 
-0.916 
1.758 
0.577 
-1.419 
0.187 
-0,477 
2.340 
-0.929 
-2.069 
2.069 
-0.342 
-0.262 
3.869 

- 1.360 
0.331 
-0.562 
0.232 
-0.005 
0.005 

76.866 
-5,975 
3.325 
5.958 
-3.308 
-7.083 
1.983 
5.550 
0,649 
-4.649 
4.649 
-2.350 
1.283 
18.499 
-7.633 
2.200 
-9.233 
-1.966 
-0.099 
0.0099 

84.841 
-0.284 
-1.598 
-0.760 
2.639 
-1.202 
-0.416 
4.243 - 1.846 
-2.221 
2.221 
5.327 
-2.510 
-5.852 
3.259 
1.343 
-2.090 
0.747 
0.368 
-0.368 

72.325 
-5.770 
5.209 
3.997 
-3.437 
-6.231 
0.499 
11,183 - 2.008 
-0.685 
0.685 
-5.097 
3.289 
15.088 
-5.463 
2.779 
-3.163 
0.384 
0.079 
-0.079 

80.733 
-4.333 
3.000 
1.060 
0.267 
3.816 
-3.116 
8.433 
-3.766 
-2.483 
2.483 
0.333 
-0.800 
2.383 
-0.083 
-1.179 
1.089 
0.090 
0.084 
-0.034 



TABLE NO. XXI 

I 
1 
I 
I 
I 
I 

1 

! 10 D a .  C e l l  No. 2 H r .  4 D a .  6 D a .  8 Da. 

2 96.0 86.0 85.3 84.0 84.0 
3 88.7 78.7 81.3 73.3 76.0 
4 92.7 86.0 85.0* 84.0 84.7 
6 94.7 89.3 86.0 80.7 82.7 
7 96.0 92.0 88.0 85.3 88.7 
8 90.7 79.3 82.0 78.7 83.3 
10 96.0 92.0 92 -0  88.0 89.3 
12 90.7 76.0 76.0 74.0 79.3 
13 90.7 84.7 85.3 82.0 86.0 
14 94.7 95.3 92.0 89.3 89.3 
17 87.3 77.3 82.0 73.3 82.0 
18 93.3 85.3 85.3 74.7 77.3 
19 90.7 88.0* 84.0 80.0* 77.3 
20 91.3 84.0* 81.3 77.3 82.0 
23 92.0 80.7 85.3 80 .O 32.7 
24 89.3 76.0 80.7 75.3 79.3 
25 92.0 84.7 86.7 84.O* 82.0* 
27 90.7 79.3 79.3 76.3 75 .O* 
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TABLE NO. X X I I  

OPEN-CIRCUIT VOLTAGES ON STAND 
Preprototype Cel l  

Si lver  Posi t ive G r i d  

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Mean 

1.85 
1.85 1.84 
1.85 1.84 1.84 
1.85 1.84 1.84 
1.85 1.84 1.84 1.84 1.84 1.84 1.83 
1.84 1.84 1.84 1.84 1.84 1.84 1.84 
1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.83 
1.85 1.84 1.84 1.84 1.84 1.84 1.84 1.68 
1.85 1.84 1.84 1.84 1.84 1.84 1.84 1.74 
1.85 1.84 1.84 1.84 1.84 1.84 1.78 1.82 
1.85 1.84 1.84 1.84 1.84 1.84 1.83 1 . 7 7  

TABLE NO. X X I I I  

OPEN-CIRCUIT VOLTAGES ON STAND 
Preprototype Cel l  

N i c k e l  Posftive G r i d  

I DAYS ON STAND 

3 4 5 6 7 10 1 2  17  

1 2  
13 
14 
15 
16 
1 7  
18 
19 
20 
2 1  
22 

Mean 

1.85 
1.85 1.85 1.84 
1.85 1.84 1.81 1.81 1.81 
1.84 1.82 1.80 1.80 1.8d 
1.85 1.84 1.83 1.83 1.82 1 .72  1.69 
1.84 1.84 1.81 1.81 1.81 1.74 1.65 
1.85 1.84 1.84 1.84 1.82 1.67 1.58 0.22 
1.85 1.84 1.84 1.84 1.83 1 .72  1.58 0.22 
1.85 1.84 1.81 1.81 1.81 1.74 1.61 1.56 
1.84 1.84 1.82 1.82 1.81 1.73 1.67 1.56 
1.84 1.84 1.84 1.58 1.58 1.58 1.58 1.56 

4 . 8 5  1.84 1.82 s1.79 >1.78 1.70 1.62 1.03 
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